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We investigate the local symmetry of the tilting of the CuOe octahedra in Lai.esEuo^Sro.isCuCU 
by means of 63 Cu NMR spectroscopy and the Van Vleck susceptibility of the Eu 3+ ions. The Cu 
NMR central line lineshape is sensitive to local structure through the coupling of the 63 Cu nuclear 
quadrupole moment to the local electric field gradient. The Eu 3+ Van Vleck susceptibility, as a 
single ion effect, locally probes the symmetry of the crystal field at the Eu site. Both techniques 
independently provide clear evidence for a change of the local tilt symmetry at the first order 
structural transition from the orthorhombic to the low temperature tetragonal phase, in excellent 
agreement with the average structure obtained by diffraction techniques. We conclude that the 
symmetry of the average crystal structure accurately represents the symmetry of the octahedral tilt 
pattern on a local scale. 

PACS numbers: 61.18.Fs, 74.60.-k, 74.72.Dn 



T3 

C 

O 

> 

in 



(N 

o 

c3 



o 
o 



X 



Lanthanum cuprate La2- x Sr x Cu04, the single layer 
high temperature superconductor, has been extensively 
studied over the past few years to understand the mech- 
anism of superconductivity. Recently rare earth co- 
doped lanthanum cuprates La2- x - y R y Sr x Cu04 (R = Eu 
or Nd) have attracted considerable attention because of 
the subtle interplay between charge stripes and super- 
conductivity.lil In this family of compounds it is possi- 
ble to tune the optimally doped La2- x Sr x Cu04 from a 
superconducting to _a_magnetic phase where charge is 
spatially modulatedBEl by changing the tilt distortion 
of the CuC>2-layers. These modifications of the struc- 
ture rcsultpif La 3+ is partially substituted by smaller 
R 3+ ions.QQ The suppression of superconductivity ob- 
served in these doping experiments clearly shows an inti- 
mate connection between structure and electronic prop- 
erties in the high temperature superconductors. ua Based 
on the structural data obtained from diffraction experi- 
ments it has been argued that both the symmetry and 
the magnitude of the tilt distortion of the CuC>2 layers 
are key factors determining the electronic properties in 
La2- x -yR y Sr x Cu04QEl. These neutron and x-ray diffrac- 
tion techniques, sensitive to the average structure, show 
that rare earth co-doped lanthanum cuprates can ex- 
ist in three structural phases dependent upon Sr 2+ and 
R 3+ doping and upon temperature: the high temper- 
ature tetragonal phase (HTT), the low temperature or- 
thorhombic phase (LTO) and the low temperature tetrag- 
onal phase (LTT). All three phases can be described by 
different patterns of rotated CuOg octahedra. The CuC>2 
plane is flat in the HTT phase and the transition to LTO 
(spacegroup Abma) consists of a tilt of the CuC>6 octa- 
hedra along the [110] direction using the notation for the 
HTT unit cell (J4/mmm); see Fig. 0. The tilt angle in- 



creases gradually as the temperature is lowered and the 
compound undergoes a first order structural transition 
to the LTT phase (P^/ncm) via a discontinuous change 
of the tilt direction, which is then oriented alternately 
along [100] and [010] in adjacent CuC>2 planes!™ 

Over the past few years local structure models which 
seem to contradict these findings have been published. 
Based on pair distribution function (PDF) analysis of 
neutron diffraction and x-ray absorption fine-structure 
(XAFS) it was concluded that, locally, the octahedra 
always tilt with the LTT symmetiy.LHa The long range 
LTO tilt pattern was interpreted as the superposition 
of two out of four equivalent short range LTT pat- 
terns with their tilt axes rotated by 90°, and the flat 
planes in the HTT phase as the result of a superposition 
of all four LTT variants. Furthermore, the amplitude 
of the octahedral tilt is thought not to change in this 
model. This is in sharp contrast to 151 Eu Mossbauer 
spectroscopy which also probes the local structure and 
shows a temperature dependence of the local tilt angle 
in Lai.83- x EuQ.i7Sr x CuOu. whi ch corresponds well with 
average structure results. 01131111 

It is crucial to clarify this issue in order to gain 
better insight into the relation between charge stripes 
and structural ordering in lanthanum cuprates. In par- 
ticular, evidence from XAFS for locally different Cu- 
0(1) and Cu-0(2) bond lengths in the LTO phase of 
La2- x Sr x Cu04 have been interpreted as . indicatin g the 
coexistence of LTO and LTT like domains.BBliijy Note 
however that similar XAFS experiments performed on 
La2_ x _yR y Sr x Cu04 dp-mot yield evidence for spatially 
varying bond lengths.tlj Also, no anomalies related to 
the LTO^LTT transition or the presence of .static stripe 
order could be detected with this techniqueJla Recently, 



PDF results on La2_ x Sr x Cu04 were discussed in terms 
of spatially modulated combinations of HTT, LTT, and 
LTO tilt patterns which are locally induced by dynamic 
charge stripesO But a detailed analysis of Debye- Waller 
factors and diffuse scattering in a neutron diffraction ex- 
periment performed on a Lai.ssSro.isCuC^ single crystal 
agrees with the average structure, and places low upper 
limits on the amplitude of any hidden local structural dife 
tortion, including those induced by stripe correlations.cS 

In this manuscript, we report 63 Cu NMR and DC 
magnetic susceptibility measurements performed on a 
Lai.65Euo.2Sr .i5Cu04 single crystal. According to 
diffraction data Lai.65Euo.2Sro.isCu04 undergoes a sec- 
ond order transition from HTT to LTO at ~ 350 K and 
a first order transition from LTO to LTT at Tltt = 135 
K. It is known from /uSR studies that its ground state 
is magneticEl and a detailed investigation of the low fre- 
quency spin dynamics by NMR supports [the existence of 
a glass forming stripe liquid below 30 K£3 

We will show that the combination of 63 Cu NMR and 
DC magnetic susceptibility enables us to probe the local 
structure around Cu 2+ and Eu 3+ ions as a function of 
temperature. The 63 Cu central line NMR spectrum re- 
flects interaction of the 63 Cu nuclear quadrupole moment 
with the surrounding EFG, and is sensitive to the angle 
between the dominant component of the EFG tensor and 
the applied magnetic field H . The magnetic suscep- 
tibility is dominated by the Van-Vleck paramagnetism 
x(Eu) of the Eu 3+ ions. Because x(Eu) is a single ion 
effect, its anisotropy reflects the local symmetry of the 
crystal field at the Eu site. These two techniques, 63 Cu 
NMR and DC magnetic susceptibility, can discriminate 
between LTT and LTO and provide clear evidence that 
the tilt pattern displays, on a local scale, the symmetry 
of the maamscopic structure as determined by diffraction 
techniques^. This leads us to the conclusion that there 
is no need to distinguish between the symmetry of the 
local and average structure in this compound. 

The Lai.65Euo.2Sr .i5Cu04 single crystal was grow-H. 
by the traveling solvent floating zone (TSFZ) method.E2l 
Two pieces of 2 x 2 x 1 mm 3 and 5x5x4 mm 3 were 
cut from a centimeter size single crystal and oriented by 
Laue x-ray back reflection. The 63 Cu (I = 3/2) NMR 
measurements were made on the central (mj = +i «-> 
— b) transition of the smaller crystal which is the same 
used in the refia. The spectra were obtained by sweeping 
the static magnetic field Ho || [100] at a fixed resonance 
frequency of 80 MHz. The DC magnetic susceptibility 
X = M/H with H = 1 T was measured for all three 
crystallographic directions of the LTO unit cell of the 
larger crystal using a Faraday balance. The susceptibility 
data for a Lai.75Euo.i7Sro.osCu04 crystal are shown for 
comparison. 

In Fig. 1 we schematically show the unit cell in the 
HTT phase. The local charge surrounding both Cu 2+ 
and Eu 3+ ions will be affected by the tilt of the CuOg 
octahedra. Cu NMR is an excellent tool for investigat- 
ing the local structure because atomic displacements lo- 
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FIG. 1: Left: unit cell of Lai. 65 Euo.2Sro.i 6 Cu04 in the HTT 
phase. A Cu06 octahedron and a EuOg polyhedron are ac- 
centuated by dark grey oxygens. Right: projections | c to 
demonstrate the distortion (exaggerated) of the EuOg poly- 
hedron in case of a HTT-, LTO-, and LTT-type CuOe octa- 
hedra tilt pattern, a and b denote the lattice constants of the 
LTO unit cell. 



cally alter the charge distribution and hence the EFG. 
The EFG tensor is described by its three components; 
by convention we take T4 Z > V yy > V xx where V aa 
is the second derivative of the local electrostatic po- 
tential. The quadrupole frequency ljq is proportional 
to | Vz Z | and the asymmetry parameter is defined as: 
V = | V xx — Vyy | /Vz Z which is zero for a tetragonal sym- 
metry. In the HTT phase, the average tilt angle is 0° and 
as a result the main component V zz is parallel to the c- 
axis. We determine from nuclear quadrupole resonance 
(NQR) that ujq = 36.4MHz for 63 Cu and point charge 
calculations show that in the LTO phase rj remains close 
to zero. 

From a general point of view, the quadrupole coupling 
is a function of cos 2 £ where £ defines the angle between 
V zz and Hq. In a 2 nd order perturbation expansion the 
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with wo the Larmor frequency of the nuclear spin in a 
field Ho- As the CuOe octahedra start tilting in the LTO 
phase, the main axis of the EFG rotates through an angle 
<j) with respect to the c-axis. The connection between 
the two angles (j> and £ is shown in Fig. 2; the value of 
£ depends on both <f> and the relative orientation of the 
applied field Ho and the tilt direction of the octahedra. 
According to the average structure, the CuOg octahedra 
tilt along the diagonal in the LTO phase and alternately 
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FIG. 2: Schematic representation of the symmetry of the tilt 
of Vzz at Cu site in LTO and LTT structures. The angle (f> 
is the tilt angle of the EFG, H the external magnetic field, 
and £ the angle between V zz and H Q . 



along the [100] and [010] directions in adjacent CuC>2 
planes in the LTT phase. For this reason, if we apply 
Ho along the [100] or [010] directions, we expect to see 
a single central line in the Cu-NMR spectra of the LTO 
phasep-and a symmetric splitting of this line in the LTT 
phaseE3reflecting the two different values of £ in adjacent 
Cu0 2 planes: ?r/2 and tt/2 - (cf. Fig. 2). 

Fig. 3 shows 63 Cu NMR central transition swept field 
spectra as a function of temperature for H || [100]. The 
sharp line at 70.8 kOe is due to the Cu metal of the 
coil containing the sample. We see at glance that the 
63 Cu central line spectra split symmetrically at temper- 
atures below the first order transition from LTO to LTT 
occurring at 135K. Comparison of swept field spectra ob- 
tained at different Larmor frequencies (80 and 94MHz) 
shows that the splitting scales as uJq 1 , thereby confirm- 
ing its quadrupole origin. From equation (1), we derive 
the magnitude of the splitting as a function of the tilt 
angle (j>: 

3uj 2 

Aw= — 5_(lOsin 2 (/>-9sin 4 0) (2) 
16wq 

We find Aw « 1.25MHz from a fit of the Cu-spectra to 
two gaussians in the LTT phase Xs.ee Fig. 3) and from 
expression (2) we obtain <j> ~ 12°. a In addition, the av- 
erage of the split lines corresponds to an angle £ « 82°. 
Since cos£ = cos7r/4sin0 (cf. Fig. 2), we find « 11° in 
the LTO phase. Therefore, the amplitude of the tilt angle 
does not change significantly at the first order structural 
transition. 

Below 70K, the intensity of the 63 Cu NMR signal drops 
sharply. In Fig. 4 we show the temperature dependence 
of the product I(T) ■ T, where I(T) is the integrated 
intensity of the central 63 Cu NMR line. The spectra 
were obtained by monitoring the intensity of the spin 
echo versus the static field oriented along the direction 
[100] at constant delay At = 10/is between the spin echo 
excitation pulses. 

The Cu signal intensity decreases because, for some 
Cu nuclei, the transverse magnetization generated by the 
radio-frequency excitation decays on a timescale shorter 
than the recovery time of the spectrometer, thereby pre- 
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FIG. 3: 63 Cu NMR spectra at the central transition as a 
function of temperature: the field Ho points along [100]. The 
spectra were obtained by sweeping the field at a fixed fre- 
quency equal to 80 MHz. The narrow line centered at 70.8 
kOe comes from the Cu metal of the NMR coil. 



venting us from observing the full spin echo signal.c3 This 
is a manifestation of a dramatic slowing of the fluctu- 
ations of the Cu 3d magnetic moments below 70K as 
charge and magnetic order developJiSE] Since only a frac- 
tion of the Cu nuclei contribute to the full spin echo sig- 
nal, we cannot make any statement about the quadrupole 
splitting at low temperature. 

Further insight into the local structure of 
Lai.65Euo.2Sro.i5Cu04 is gained from analysis of its DC 
magnetic susceptibility x- The dominant contribution 
to x comes from the Van Vleck paramagnetism x(Eu) 
of the Eu 3+ ions, which is about one order of magnitude 
larger than the susceptibility of Lai.85Srn.i5Cu04 (cf. 
Fig. 5). The Van Vleck paramagnetism is a single-ion 
effect and therefore x is a suitable tool to investigate 
the local symmetry of the Og oxygen environment 
surrounding the Eu 3+ site highlighted in Fig. 1. 

Following Hund's rules, the free Eu 3+ ion with its 4/ 7 
electronic configuration has a non-magnetic ground state 
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FIG. 4: 7 • T versus T where 7 is the integrated intensity of 
the central line of the Cu NMR swept field spectra obtained 
with Ho along [100] and frequency uio — 80 MHz. The solid 
line is a guide to the eye. 



7 F ( 2S+1 Lj). In an external magnetic field however the 
ground state is mixed with the first excited magnetic 
state, 7 Fi, thereby leading to a considerable magnetic 
contribution: the so called zeroth Van. Vleck term. This 
term is constant at low temperaturesES'EirEj but for tem- 
peratures T> 50 K (cf. Fig. 5) the thermal population 
of the excited states 7 i 7 j>o leads to further Van Vleck as 
well as Curie terms, that cause the susceptibility to be 
temperature dependent. In a solid, the (2J+ l)-fold de- 
generacy of the multiplets is lifted according to the sym- 
metry of the-exMstal field and as a result, x(Eu) becomes 
anisotropic 

A glance at Fig. 5 shows that this is indeed the case 
in Lai.65Euo.2Sro.i5Cu04: a large anisotropy is observed 
for 77 || c axis vs. H || ab plane. More important is 
the in-plane anisotropy in the LTO phase, which clearly 
vanishes in the LTT phase. In order to observe this in- 
plane anisotropy one must have a partially detwinned 
Lai.65Euo.2Sro.i5Cu04 crystal which can be achieved by 
application of weak uniaxial pressure. The crystal direc- 
tion predominantly containing the shorter 6-axis has the 
larger susceptibility, i.e., \b > Xa in the LTO phase, us- 
ing the crystallographic a and b axes of the LTO unit cell 
with a || [110] and b || [110] (cf. Fig. 1). 

The increase of the ab anisotropy with decreasing tem- 
perature, observed in the LTO phase in Fig. 5, is a 
consequence of the continuously increasing tilt angle as 
was also observed by 151 Eu Mossbauer spectroscopy^!. 
Close to Tltt the ab anisotropy reaches a value of 
1 x 10~ 4 emu/mol. For a sample with x = 0.08 
(see inset of Fig. 5) the maximum value increases to 
3 x 10~ 4 emu/mol, which is approximately three times 
the total x of pure Lai.ssSro.isCuOzi. The larger ab 
anisotropy for x = 0.08 is consistent with the increase 
of the octahedral tilt angle as the Sr 2+ content is re- 
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FIG. 5: Static magnetic susceptibility of 

Lai.65Euo.2Sro.i5Cu04 at 77 = 1 Tesla for H || c and 
77 || ab (open circles) and polycrystalline Lai.ssSro.isCuO^ 
(full line). Inset: susceptibility of Lai. 75Euo.i7Sro.o8Cu04 for 
77 || ab 



duced. The order of magnitude of the ab anisotropy in 
both crystals shows that it originates primarily from the 
Eu 3+ Van- Vleck paramagnetism. The super exchange 
constant J in the Cu02 planes is very large in these ma- 
terials (~ 100 meV) hence the susceptibility of the planes 
is small, so unrealistically large distortions would be re- 
quired to explain ab anisotropics of the observed magni- 
tude as arising from changes of the Cu spin magnetism. 

It is generally assumed that substituting La with 
smaller rare earth elements such as Nd or Eu induces 
strain which may possibly cause a local lattice instabil- 
ity of the LTO phase towards the LTT phase. From 
our susceptibility data we can clearly conclude that in 
the LTO phase of Lai.65Eu .2Sr .i5CuO4 the Eu 3+ site 
is surrounded by an orthorhombically distorted oxygen 
environment. A more quantitative analysis of the ab 
anisotropy requires a more precise knowledge of the de- 
gree of twinning that is presently lacking. A quantitative 
analysis of the crystal field anisotropy between H \\ c and 
77 || ab will be published elsewhere. 

The right side of Fig. 1 shows projections along the 
unit cell c-axis to demonstrate the distortion of the EuOg 
polyhedron for the HTT, LTO and LTT local distortions. 
The measurements of \ were performed for H \\ a and 
77 || 6. It is obvious from these projections that an ab 
anisotropy can occur only in the case of LTO-type octahe- 
dral tilts and is absent for LTT-type tilts. Furthermore, 
the ab anisotropy is zero for all of the other LTT variants 
obtained by 90° rotations about the c-axis the, and for 
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any combination of the short range LTT domains that 
are required to form the LTO and HTT phases in the lo- 
cal structure model first proposed in Ref fj]. The present 
results, therefore, clearly demonstrate that in the LTO 
phase the CuOg octahedra tilt in a LTO-type manner. 

To summarize, we have presented investigations of the 
local structure of a Lai.65Euo.2Sro.isCu04 single crys- 
tal by means of 63 Cu NMR and Van-Vleck susceptibil- 
ity of Eu 3+ ions as a function of temperature. Indepen- 
dently, both techniques provide clear evidence that the 
symmetry of the local tilt in the LTO and LTT phases 



is different, Jn complete agreement with average struc- 
ture resultsB. We thus conclude that the symmetry of 
the macroscopic structure accurately represents the tilt 
pattern of the CuOe octahedra on a local scale. 
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